Introduction
There is increasing concern about the quality of the air in the passenger compartments of the various means of transport. In the case of motor vehicles, the concentration of air pollutants in passenger cabins, particularly in the urban environment, is significantly higher (by two to three times) than the nominal value outside the cabin. Aircraft draw in fresh air from outside the cabin. On the ground the same concentration mechanism as motor vehicles applies: pollution created by the exhaust emissions of the engine in front are drawn into the ventilation system of the cabin behind. In cruise liners the problem is analogous to large hotels and casinos: efficient air-conditioning requires re-circulation of the air and pollutant concentrations build up over time. At altitude aircraft are exposed to both problems. Outside air is contaminated with a high concentration of ozone, and fuel efficiency demands maximum re-circulation of the cabin air.
Strategies are being developed to mitigate these effects, and for optimal operation most require the use of low cost gas sensors for monitoring and/or control. For example, ozone drawn into aircraft or automotive passenger cabins can be destroyed by catalysts, the function of which needs to be monitored. Access of other less reactive molecules can be reduced automatically, by control of re-circulating air flaps and valves, when their external concentration rises. Reduction of the ingress of outside air has concomitant effects inside that must be monitored, e.g. pollution build-up and condensation. Re-circulated air can be treated to reduce pollutant concentrations. Favoured methods include the use of activated carbon filters to remove VOCs (which need to be monitored during both operation and regeneration) and ozonation of the air. At higher (ppm) concentrations in air freshener 
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The research register for this journal is available at http://www.mcbup.com/research_registers/aa.asp units ozone oxidises contaminants and a residual low concentration of a few tens of ppb gives a``fresh air'' sensation: the ozonation needs to be monitored and sensors are required to ensure that human breathing levels are within safety limits.
This article describes what can be achieved with mixed-metal oxide semiconductor gas sensors[1] to meet these ends, with emphasis on automotive applications and control of ozone. A common feature of this family of applications is for the sensor to operate in rapid and dynamically varying air-flows ± a situation not hitherto associated with semiconductor sensing devices.
Automotive passenger cabin air control
The polluted air from the vehicles in front that gets drawn into passenger compartments is made up of reducing gases (e.g. carbon monoxide or unburned hydrocarbons from gasoline engines) or oxidising gases (e.g. oxides of nitrogen from diesel engines or ozone from atmospheric pollution). Unambiguous air quality sensor signals provide the best basis for the implementation of automatic ventilation flap control, closing the flap when the air quality outside the vehicle is poor. Relatively high-cost solutions have been developed for executive saloons[2]; here we describe a low cost approach suitable for most vehicles.
Chromium titanium oxide (Cr 1.8 Ti 0.2 O 3 ) has the ability to detect reducing gases, and resist poisoning [3] , in a stable and superior manner to heated tin dioxide elements. In one form it is suitable for the detection of just a few ppm CO,~10ppm of higher hydrocarbons, and sub-ppm levels of volatile hydrocarbons such as benzene. It has a very weak response to the common oxidising gases. In contrast tungsten oxide (WO 3 ) can detect ozone [4] , and its response to other oxidising gases (e.g. NO x ) is well-known. Properly configured, tungsten oxide has a weak response to reducing gases. It is not usual to employ either of these materials in sensors responsive to gases in the alternate group. Thus, chromium titanium oxide does not conventionally develop a useful response, in its own right, to oxidising gases. Similarly, tungsten oxide in thick film form has not been considered suitable for a reducing gas sensor. Thus, operating in air containing both oxidising and reducing gases, both sensors will exhibit an increase in resistance (being respectively p-type and n-type semiconductors). This can be achieved by combining both materials in a dual element thick film sensor array, giving independent outputs, and illustrated schematically in Figure 1 .
Both chromium titanium oxide and tungsten oxide exhibit an increasing resistance in the presence of molecules in their respective target groups. They are also semi-conducting oxides, with activation energies for conduction in the 0.4-1.0 eV range at a normal operating temperature of 400-5008C. Accordingly, their resistance increases if their temperature falls, and falls if their temperature rises: this is a common mode effect, with the ratio of the respective changes remaining constant for a dual element device. When the sensor is operating in diffusion conditions, there are no common mode temperature effects, as the temperature of both elements (with a single heater) remains substantially constant and their resistance baseline in clean air remains steady. Any increase in sensor resistance can be unambiguously related to the presence of chemical contaminants in the atmosphere surrounding the sensor. In dynamically varying air-flow conditions, the constant resistance temperature stabilisation technique, with an appropriately short response time, operates well on the sensor heater. However, the heater is removed from the gas sensor element by an alumina substrate (~0.5mm thick) and the element itself has finite thickness (up to~0.1mm). Thus it is possible for a transient temperature gradient to exist through the thickness of the sensor in dynamically varying flow, giving rise to a small but readily measurable temperature common mode effect on resistance. The magnitude of this transient is typically a Figure 1 Dual element sensor schematic fraction of the magnitude of the sensor resistance change when exposed to a significant concentration of target gas.
Temperature stabilisation
A critical element in the performance of the sensor in changing air-flows is temperature control of the sensor chip. The power delivered to the sensor heater needs to be constantly adjusted as air-flow conditions vary, so that the chip temperature is maintained at a constant value of~4008C to within a fraction of a degree. This operating temperature is a compromise, chosen to give the best combined performance from the two materials.
Analogue constant resistance heater driver methods place a sensor heater (with positive temperature coefficient of resistance) in one arm of a Wheatstone bridge. The bridge is kept in balance by feeding back the bridge balance voltage to an operational amplifier, the output of which controls a current regulating component such as FET or Darlington pair. This technique is quite a common one for controlling different devices, including both gas and flow sensors. It has been adapted to make it more compatible with digital techniques and modern micro-controllers, as shown in Figure 2 . The base of the additional transistor TR1 is modulated with a pulse width modulated signal derived from a microcontroller. The required PWM mark-space ratio for an individual sensor is generally obtained during the sensor testing procedure. It can, however, be established automatically by adjusting the mark-space ratio, changing the power delivered to the sensor, and thus its temperature, such that the sensor resistance in clean air is set to a predetermined value. Although this method of temperature stabilisation is very effective, it does not completely overcome the transient temperature common mode effects alluded to above.
Signal processing
In principle, it should be possible to examine the outputs of a dual element sensor chip, incorporating both chromium titanium oxide and tungsten oxide elements, when exposed to gases to which they conventionally respond, and thus differentiate between a gas response and a temperature common mode effect, using a truth table as shown (Table I) . A resistance increase of one element or the other can be assigned to a gas response apparently only if there is no change in the output of the other sensor, or if, in the coincidence of a resistance change of both elements, these changes are of different sign and/or not with a common ratio.
The truth table is not perfect, because it is clearly possible to identify particular combinations of concentrations of carbon monoxide and nitrogen dioxide which give the same ratio-metric resistance change as would occur from a low temperature transient. In practice, such a coincidence of concentrations in both magnitude and time is not very likely and, in a low cost device, is not significant within the overall performance envelope required of the application. This ambiguity could in principle be partially resolved, however. One way is by direct measurement of the gas flow: if it does not change or decreases then a mixed gas is certainly present. More subtly, gas flow rate can be estimated from the voltage across the sensor heater, or from the electrical power supplied to it. Confusion would then exist only for the even less likely combination of a sudden increase in flow and the temporal Hitherto individual sensors incorporating chromium titanium oxide and tungsten oxide respectively have been made by conventional thick film processes, fired for times and at temperatures appropriate to develop the optimum gas response for each material and target gas combination. However, for both practical and economic reasons it was found necessary to fire both sensors in the dual element, after printing, simultaneously, and therefore for the same time and at the same temperature. Also the elements need to be operated at the same rather than optimum temperatures, as they are on a common substrate with a single heater. The resulting compromise in firing and operating temperature has resulted in a chromium titanium oxide sensor with a slight but obvious oxidising gas response, and a tungsten oxide sensor with a slight but obvious reducing gas response. It can be seen in Figure 3 that the rate of response of each sensor, as well as its magnitude and sign, depends on the gas to which it is responding. Thus, in practice, it can be anticipated that a secondary response of the chromium titanium oxide sensor to an oxidising gas might be faster than the response of the same gas on the tungsten oxide sensor primarily intended to detect it. By comparison of the rate and sign of response of both sensors, the combined element can, in general, respond faster than either of the sensors considered as individuals. Predictive methods can further accelerate the response decision.
Typical air quality module installation
A typical location for an air quality sensor, positioned on the air inlet side of an HVAC module is shown in Figure 4a , whilst in Figure 4b an exterior view of the sensor unit (with cover removed to reveal the electronics board) is shown. On the left of Figure 4b is the recirculation flap actuator. The underside Small resistance increase in common ratio with tungsten oxide sensor Small resistance increase in common ratio with CTO sensor Figure 3 Response to CO and NO 2 of individual elements in a dual element sensor of the sensor base is just visible in the apex of the PCB. In Figure 5 signals from a dual element sensor are shown, for heavy motorway, urban and rural traffic conditions. The output of the carbon monoxide signal from the chromium titanium oxide sensor, in urban traffic, compares with the output of a conventional electrochemical sensor.
Low concentration ozone sensing
The flow and humidity dependence of the ozone response of a modified tungsten oxide thick film ozone sensor, and preliminary results on its use for ambient air, have been described [4] . A more detailed characterisation of the response of the device, based upon a mathematical model linked to the defect chemistry of tungsten oxide [5] , improves the detection of ozone in the ambient atmosphere. The model describes the transient response of the sensor to ozone. The transient can be created in one of three ways. First, the sensor can be alternately switched between pure and ozonated air. This method is not very convenient. Second, the flow of sample gas past the sensor can be switched from off to on, preferably to a rate of flow above that required to develop a flow independent response. This method relies on the fact that in zero flow the heat from the sensor chip is sufficient to destroy all the ozone in the atmosphere surrounding it. Finally, the sensor can be maintained in a constant gas flow (again preferably above the flow threshold), and its temperature modulated. In practice this method is to be preferred for creating a well defined step change, as it can be accomplished in just a few seconds. At the higher temperature, ozone is thermally decomposed, and the sensor is`r eset'' to the equilibrium value established for clean air. The latter is the method described below. Figure 6 shows the change in resistance of a tungsten oxide ozone sensor when cycled with a period of five minutes between 5008C and 6008C. The trace on the chart starts with the sensor at the higher temperature in air, and the resistance rises after the temperaure is changed, over a few seconds, to the lower temperature. After six such thermal cycles the sensor is exposed for six thermal cycles to 27 ppb ozone. Thereafter the sensor experiences alternately six thermal cycles in air and then ozone, the later at gradually increasing concentrations (47, 106, 200 and 400 ppb) . The good repeatability of the sensor operated in this mode is evident from this chart.
Response data
The multiple 5008C resistance values derived from Figure 6 at various times from the start of the low temperature cycle, are plotted in Figure 7 as a linear function of the ozone concentration. In Figure 8 the time taken to reach various two-fixed resistance values is plotted against the ozone concentration. It is evident from these plots that at low ozone concentrations a longer time is required to develop a good response. For periods longer than about 60 seconds the response of the sensor is approximately linear up to about 200 ppb.
Fitting the response to the model parameters
The sensor response model [5] incorporates three constants (A, B and C) and two time constants (( 1 and ( 2 ). In Figure 9 , the data for one transient response at 100 ppb are plotted against the response equation (with appropriate parameters, see below), in order to demonstrate the quality of the fit. Time constants ( 1 and ( 2 are envisaged to be independent of ozone concentration, whilst the ratios A/B and A/ C are probably proportional to the surface concentrations established at 6008C of two different oxygen vacancies, which react with ozone with time constants ( 1 and ( 2 respectively.
Comparison with a UV analyser
A tungsten oxide solid state sensor operated and calibrated according to the``two temperature'' method is compared with the output of a US EPA approved UV ozone analyser in Figure 10 [6]. These ambient air data, gathered over a continuous period of four days, suggest that the``two temperature'' method of operating the ozone sensor gives closely comparable air quality data. Both instruments reproduce the basic features of the diurnal and shorter time-scale changes in the ozone level. There is extremely good quantitative agreement for most of the time, although some periods of difference are also seen. These are the subject of further investigations.
Conclusions
We have seen that there is increasing concern about the quality of the air breathed by passengers in the cabins of various different forms of transport. Strategies being developed to mitigate these effects require the use of low cost gas sensors for monitoring and/or control. These sensors are generally required to operate in dynamic and fluctuating air flows. We have described how properly controlled and interrogated mixedmetal oxide semiconductor gas sensors can accomplish these ends: chromium titanium oxide for the detection of reducing gases such as VOCs and unburned hydrocarbons, 
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